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ABSTRACT

The colloidal-electrostatic rocket appears useful as an engine for
space missions. At the present time full advantage cannot be taken of
its potentialities due to unsolved technical problems. One of these
problems is the adequate and relisble production of colloidal particles.

A method of colloidal particle generation based on the expansion of
a material through a supersonic nozzle has been investigated and is shown
to be capasble of supplying particles suitable for acceleration in an
electrostatic engine. The material is heated in a small vaporizer which
supplies a homogeneous vapor to a convergent-divergent two-dimensional
nozzle 15.5 cm. long with a rectangular throat 0.273 by 4.48 cm. Flow
rate and subsequent particle growth are controlled by regulating temper-
ature, and hence vapor pressure, of the material in the vaporizer.

Particle size was determined theoretically by assuming each col-
lision 1is a sticking collision after expansion and a correlation of

diameter proportional to time was obtained. The experimental particle

size determination was obtained byy£sual inspection of photographs taken
in an electron microscope. It is demonstrated that particle size can be
controlled from 50 to 500 angstroms and maintain narrow range distributions
suitable for engine application. Experimental verification of particle
size was determined by collecting a portibh of the nozzle exhaust beam
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(immediately after the nozzle exit) on a fine grid coated with a silicon

dioxide film. The grid was maintained at liquid nitrogen temperature

.. until transferred to the electron microscope. By means of a carefully

controlled partial monolayer deposition of material on the sample grid,
it was also established that most of the propellant was converted into a
useable colloid.

The colloidal generator was incorporated into a small specialized
electrostatic engine. A negative corona discharge was used to charge
the colloidal particles and Pierce accelerator was used to accelerate
these particles. A calculated thrust density of g;%:&lO's Newtons/m2
at a specific impulse of gggoseconds was obtained in engine operation.

INTRODUCTION

The use of electrostatic rocket engines as a propulsion system for
a variety of satellite and interplanetary space missions appears promis-
ing (Refs. 1 and 2). For missions of this type specific impulses from
1,000 to 10,000 sgc are required (Ref. 3). A colloidal-particle elec-
trostatic rocket engine in which sub-micron sized perticles are charged
and then accelerated may be capable of meeting flight requirements. High
power efficiency, high propellant utilization, reasonable fielg.?ﬁrengths{ L
physical and electrical religbility, light weight, and long-éufatgo;
operation are all required of the electrostatic rocket engine (Ref. 4)."_

The colloidal-particle engine first of all requires a supply of
sub-micron particles which can be charged and accelerated. It is readily

shown that extremely high potential differences in the order of LK106

to‘leOS"volts are required for acceleration of singly-changed micron



sized particles (Ref. 5). If however, particles in the order of 0.001l to
0.01 microns can be utilized, then more realistic accelerating potentials
can be used. The generation of these colloidael particles must then
satisfy several requirements: first, they must be in the sub-micron
range; second, sufficient quantities of particles must be produced to
satisfy mission requirements; and third the range and size distribution
must be such that relative thrust losses due to exhaust velocity distribu-
tions are small (Ref. 6).

The selegtion of a colloidal particle must be further restricted
by practical application. It would be desirable to produce colloidal
particles at will with the option of controlling thrust by varying par-
ticle size. This implies manufacture "on board" the spacecraft. Several
sources of preformed colloids are available (Refs. 7 and 8), but neces-
sitate preparing the colloid in a state suitsable for a propellant. This
preparation is complicated in that the colloid is usually in some sort
of a carrier due to high reaction rates and even after separation the
finely divided particles are subject to agglomeration which makes the
use of such a preformed material difficult (Ref. 9). On board prepara-
tion should be accomplished with a minimum of complexity and a maximum
of reliability.

In addition to the application of the colloidal particle engine to
short range flights as previously mentioned, there are a number of long
range miséions for which the colloidal engine could be suited. A col-
loidal generator capsble of providing a large number of heavy particles

would enable an electrostatic rocket of large thrust variations to be



used. By proper material selection it would be possible to make radiation
losses insignificant. A stepped linear accelerator could be used with
this system to obtain the potential difference required to attain a high
specific impulse. An analysis of the design of a stepped accelerator is
availaeble (Ref. 10); however, an analysis of the mission would be required
to determine the actual accelerating potential.

The selection of a system to provide colloidal partiecles for an
electrostatic rocket engine has been the subject of extensive research.
Many methods have been and are being considered, such as: prepared
particles (Refs. 6, 11, and 12), formation of charged liquid droplets
(Refs. 13 through 17), condensation, (Ref. 18), etc. The literature
not only contains a number of methods, but also a multitude of theo-
retical explanations as to the mechanism of particle formation. This
report is intended to describe a colloidal generator that delivers
particles of relatively narrow size range suitable for electrostatic
acceleration.

In considering the design of the colloidal particle generator it
has been observed that the expansion of certain materials in a turbine
nozzle produced condensation of the materials on the turbine blade
(Rgﬁ. 19). Analysis of the deposit indicated that the coating was com-
poéed of sub-micron particles that had been formed in the exhasust stream.
Condensation from a supersaturated vapor, obtained by expansion in a super-
sonic nozzle, was used for this method of particle generation. In this
design a molecular vapor was introduced into a convergent-divergent noz-

zle having a rectangular throat 0.273 by 4.48 cm. The particle growth




. ..
rate was controlled by the number of collisions during adisbatic expansion
of the gas in the nozzle. The number of collisions are dependent on the
vapor pressure, molecular weight, and dwell time.

An experimental electrostatic rocket engine was assembled employing
the colloidal particle generator designed with a means of charging the
particles. The charged particles were accelerated in a Pierce type
accelerator. The electrostatic engine design was not considered optimum
and was used for exploratory purposes only; however, limited data on
performance was obtained with this system.

COLLOIDAL PARTICLE ENGINE DESIGN
Colloidal Particle Generator

Condensation from a homogeneous vaporized materisl in a convergent-
divergent nozzle was selected as a means of producing particles. In
this system vaporization, nucleation, condensation, agglomeration, and
possibly evaporation take place in the order of 1 millisecond; conse-
quantly, very little generalized experimental data is available due to
the complexity of the kinetics of the system.

It can be shown that surface energy can be neglected above a critical

(Ke ¥ 20
diameter of 0.02 micronsy Ince it will be shown that particles under
consideration will be less than this diameter, surface energy could
play an important role in determining particle size. Other mechanisms
could be considered such as discussed in Ref. 21; however, the
following simplified treatment was considered:

The surface energy of 1 gram of particles with surface tension o,

and diameter Dp is

E = crpApn (1)




where
qreq
Ap the surface enmemgy of the particle
B the total energy per gram
o the density of material
n the number of particles

Since

and.

it follows that

B === (2)

Equation (2) shows that the surface energy is large for small particles.
The amount of energy released when two particles a and b of the same
diameter form a new particle c¢ 1is

(By + By) - B = 4B (3)
The volume of the new particle must be equal to the sum of the equal

volumes of a and b hence the diameter of the new particle ¢ 1is

1/3
DC = 2 / Da,b

from Eq. (1) for 1 gram of particles
= _ 22/3
AE = (2 -2 / )Ea,b

or the fraction of the initial surface energy released is

AE
A

= 0.206
a,b




This energy must be liberated to the surroundings or evaporation will
take place.

The rate at which excess energy must be dissipated to the surround-
ings is determined by the number of inelastic collisions the particle
makes. In the modei considered, it is assumed that each collision will
be with a particle of the same kind because of the dbsence of air. As-
suming that a particle of diameter Dp, will collide with any other

particle whose center lies within the distance D, it can be shown

P
(Ref. 22) that
an
C 4 2
T - 3 ™plplp (4)
where
N, number of collisions per unit time

n, number of particles per unit volume

uy, aversge velocity of the particles

T time

Since it was assumed that after a collision the two particles will
result in the formation of a single particle, the volume of the new

particle is sum of the volumes of each of the colliding particles.

Hence, growth rate can be expressed as:

av dn
R e Z
dt = dT (5)

It can be shown that the general equation for growth rate is:

5/2 _ n5/2 _
DN % - DRl = kv (6)
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substituting the following in consistent units:

) velocity of ideal gas molecule =/¢§%§i
M atomic mass unit of particle = WPN
Wp particle weight = % anbp
where
Dp,T the diameter after a given time =
Dp,o the initial diameter
k 20.56%10-12 w(%)l/z
Pp \P
N Avogadro's number
R gas constant, dyne-cm/(mole)(°K)
T temperature, %%
Wy weight flow of material, g/sec
pp particle density
T time

Supercooling of the material was accomplished by adisbatic expansion
in a convergent-divergent nozzle designed by the method of characteristics
(Ref. 23). From a consideration of particle surface energy the nozzle
expansion ratio was determined. The dwell time required was established
by the nozzle length which in turn fixed the throat area. A sketch of
the nozzle is shown in Fig. 1(a). The nozzle as constructed could be
operated over a considerable range since the dwell time could be readily
veried. Dwell time is dependent on the acoustical velocity ef=semsd in

the medium which in turn is a function of the temperature and molecular
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weight of the material. A compromise length of gbout 15 centimeters cor-
responding to a residence time of 0.00067 seconds was used. No attempt
was made to optimize a nozzle for & given material and particle size at
this stage of the investigation.

Particle growth takes place in the nozzle. The nozzle, the vaporizer,
and the heaters are referred to as the colloldal-particle generator and
are shown in Fig. 1(b) with radiation shields removed. In operation,
temperature (recorded by thermocouples) is controlled by radiant heating
of the vaporizer and of the nozzle. Three radiation shields are used to
prevent heat loss to the surroundings( two over the heating wires and
one over the vaporizer end plaﬁa.

Operation is usually under choked flow conditions; consequently, the
nozzle throat area determines mass flow. Critical ratios for this noz-
zle are tabulated in table I for a y of 1l.32.

Charging

The method of charging the prepared colloid is not formalized at the
present time. Some of the methods that have been considered are: (1) nega-
tive charging by electron attachment; (2) positive charging by electron
bombardment; (3) positive charging by ion attachment; (4) liquifying ma-
terial and applying electrostatic potential to break up droplets; (5) sta-
tic charging by particle rupture; (6) static charging by contact with
surfaces having high surface field strengths; (7) field emission of elec-
trons from particles; (8) field emission of ions from particles; and

(9) radiation of particles by a radioactive source.
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The optimum method has not been established but negative charging
by electron attachment was used in this preliminary electrostatic engine.
Considering the relatively high pressure levels at the exhaust of the
system, controlled electrical breakdown taking the form of a corona dis-
charge was used. Cobine (Ref. 24) gives general equations for discharge
currents that can be expected with a corona discharge. From a view point
of current, potential gradients, availsble power supplies, and durability of
a. 3 mil tungsten wire was used for the corona discharge. A typiecal
operating curve for this emitter is shown in Fig. 2.

Charging efficiency was not considered at this state of system
development; however, the charge that can be placed on a colloidal
particle is one of the major factors in electrostatic engine design.

One of the controlling factors in electrostatic engine design is space
charge limited current. ©Space charge limited current as defined by

Childs law is:

3/2
ig = élli € =< ﬁéi— (6)
5~ 9 o] m L2

where
ig saturation current density, amps/m2
Ep potential difference, v

L accelerator length, m

The specific impulse of an electrostatic engine can be expressed as,

g

=

(7)

I impulse, sec

g gravitational constant
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A plot of specific impulse and atomic mass unit for variocus values of
potential difference is shown in Fig. 3 assuming a singly charged particle.
A range of specific impulse for the mission considered is also shown. Un-
less very high accelerating potentials are used a limit must be placed on
the particle mass.

In Fig. 4(a) the atomic mass of a particle composed of molecules
with an atomic mass of 250 and an assumed density of 5.0 is shown for
sub-micron sized particles. For this purpose, particles and molecules
were considered spherical. An indication of the number of molecules re-
quired to form such a particle is shown in Fig. 4(b). Depending on the
material, a particle size above 0.01 micron need not be considered if a
limit of 1x10° volts is placed on the accelerating potential. A lower
limit of 0.001 microns has been selected based on the premise that heavy
molecules could more easily be used.

Up to the present time it has been assumed that only one charge
could be placed on the particle. If some means could easily be derived
to contain the particle until it is limited by field emission (lO9
Volts/meter for perfectly spherical negative particles Ref. 25, and 1010
volts/meter for perfectly spherical positive particles Ref. 26) then
lower accelerating potentials or larger particles could be utilized.

It can be shown the minimum radius a spherical particle could have based

on Gauss's law is (Ref. 10);

Ze 1/2
r= [;neo(Em - EA%] | (8)
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where

E, the field strength for field emission, 109 - 1010 volts/m

EA the applied field strength

This equation is plotted in Fig. 5 for limiting charge to mass ratios of
a particle composed of atomic mass units of 250 and a density of 5.0. A
dashed line indicates chargé to mass ratios of singly charged particles
that fall below the minimum diameter as predicted from charged spheres.
The charge in the small diameter case must be attached by some other
mechanism, such as associated with positive or negative ions.

From these considerations (meximum charge, accelerating potential,
and specific impulse) it is concluded that a charge-to-mass ratio of
lO3 to 104 coulombs/kilogram can be considered at the present time, with-
in a particle size range of 0.001 to 0.0l microns.

Accelerators

The accelerator design followed the Pierce boundary conditions with
space charge limited flow (Ref. 27). The accelerator aperture is a
rectangular slot 0.273 by 7.50 centimeters. The Pierce accelerator
electrodes were spaced at 20 millimeters.

It has been shown (Ref. 10) that high field strengths are very
desirable in improving thrust per unit area. Since perfectly spherical
particles can sustain field strengths of lO9 to lOlo volts/meter, if the
accelerator could sustain comparable field strengths then higher impulses
with colloidal particles could be attained.

For Childs Law accelerators it has been shown that (Ref. 28):

AVp

2

-8 ml
L = 0.664X107° | )——
vanet>ZeEA
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where

L acceleratdr length, m

ANA/Aynet accelerator field strength (ratio), let equal to 1
m mass

ze charge

I impulse

EA accelerator field strength

For 2z equal to 1, the accelerator lengths are shown in Fig. 6 for a
range of field strength and for two specific impulse values of 1000 and
10,000 seconds. If a nominal accelerator length of 1 centimeter 1s as-
sumed to be a practical value for spacings of accurately machined elec-
trodes, it is evident that cesium or mercury accelerators will have field
strengths of 106 volts/meter only at the higher values of specific im-
pulse; while colloidal particle accelerators with a particle mass of 104
a.m.u. would have a field strength of nearly lO6 volts/meter at a specific
impulse of 10,000 seconds.

From the preceding discussion, it is apparent that colloidal par-
ticle electrostatic rocket engines may have a definite practical advan-
tage over the contact-ionization and electron-bombardment engines with
regard to thrust per unit area. To further emphasize this point, ac-
celerator length vs. field strength is shown in Fig. 7 for a specific
impulse of 5000 seconds (which is of current interest for some space
missions) (Ref. 28). To take full advantage of the presently attainable
field strengths (3x10° volts/m), the contact-ionization and electron-

bombardment engines would require accelerator electrode spacings of about
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1 millimeter, while a colloidal-particle engine with M = 10% a.m.u.
could have electrode spacings of over 5 centimeters. If hiéher field
strengths become practical in the future, the colloidal-particle engine
will become eveé} more desirable.

Colloidal Engine

The aforementioned components were incorporated into a colloidal
electrostatic engine as shown in Fig. 8(a). The generapor was indirectly
heated by an a-c nichrome heating unit wound around the vaporizer, and an
a-c nichrome wire wound around the nozzle. The entire unit was main-
tained at zero potential with respect to ground. Three radiation heat
shields were used to limit heat flow to the tank walls.

The colloidal particles were negatively charged by a negatively
charged corona wire. These particles were then accelerated to ground.

A 0.63 centimeter lava plate was used to cover the entire exhaust face-
plate. Insulating bolts, lava blocks, and sapphire balls were used to
mount the various components to this plate. To prevent reverse flow in
the engine an "electron trap" system was installed. This system, shown
in Figs. 8(b) and (c), consists of a 0.63 centimeter tube placed around
the nozzle exit, and a wire mesh screen placed over the whole area in the
vicinity of the exhaust. It was found experimentally that this wire
screen was necessary to prevent arcing and to confine the corona. This
trap was maintained at a high negative potential.

Colloidal particles entered the charging area with a specific impulse
of agbout 25 seconds from the colloidal generator. The electron and par-
ticle densities were such that most of the particles would have an op-
portunity to collide with an electron before passing through the charging

Zone.
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The first accelerator was maintained at a high negative potential.
The corona wire was maintained at a higher negative potential. Due to
the corona wire incorporated into the system the accelerator optics
were distorted. It was assumed in any calculations that the accelerator
spacing was the physical distance between the accelerator plates, and
that the charged particles entered the accelerator at zero velocity.
The final accelerator plate was maintained at ground potential. A
cooled collector was placed downstream of the exhaust.

To facilitate experimental operation, a scale mock-up of the
engine was used with a stretched rubber-membrane anelog. By observing
the path of travel of plastic balls through the system, rough operating
potential gradients were established, and minimum impingement on elec-
trodes obtained. The deflection of a rubber analog follows Laplace's
equation in two dimensions, which only holds in a charge free region.
Since a space charge is present this simplified method cannot hold;
however, this procedure can provide a fair approximation.

PROCEDURE
Material Selection

The selection of materials for use in the colloidal generator has
been based primarily on physical properties. Up to the present time,
only those materials readily available with a narrow boiling range, or
those which sublime have been considered. "Boiling" temperatures in the
range from one hundred to several hundred °C at a pressure of 1 milli-
meter afford the best means of control in the vaporizer without result-
ing in high radiation heat losses. Limited data have been obtained with

three materials; (1) mercuric chloride m.w. 271; (2) aluminum chloride
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m.w. 1333 and (3) mercurous chloride m.w. 236. Physical propertles of
these materials are summarized in Teble II.

Colloidal particle size evaluation. - All sample runs were obtained

in a small bell jar vacuum chamber using & 6 inch diffusion pump. Pres-
sures were maintalned usually between 1075 and 1076 mm of mercury.

The material to be used was placed in the vaporizer. The vapor-
izer and the nozzle were heated independently to a predetermined tem-
perature. The exhaust stream was sampled by placing small sample plates
over the nozzle exit.

Two methods were used to initiate propellant flow. First, the
material was placed in a small capsule which in turn was placed in the
vaporizer. When operating temperature was reached the capsule was
opened by an electric pulse. This method was soon discarded during col-
loidal sampling because the initial burst of propellant and trapped
gases would carry relatively large chunks of material to the sampling
plate. In the second method, material was placed directly in the
vaporizer. The system was evacuated, heat applied, and then the sample
was obtained. To prevent material from depositing on the sample plate a
cooled copper plate was placed between the sample and the nozzle. This
plate was removed for a short time during actual sampling. After the
sample was taken this plate prevented the collecting surface from seeing
any warm body and thus reduced side effects that would influence par-
ticle size. A sketch of this sampling system is shown in Fig. 9(a).

The copper plate served an additional purpose in that the material

would deposit out on the plate since it was usually cooled by liquid
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nitrogen. This deposit served to indicate how material left the nozzle.
A macrograph of a deposit obtained on the copper plate is shown in

Fig. 9(b). The cross-sectional deposit is relatively uniform over the
nozzle width. The deposit that was exposed to the nozzle has melted

and formed smooth globs on the surface since the the deposit was so
thick that heat could not be readily transferred to the heat sink. This
type of deposit is typical of that obtained along the length of the slot.

The sample plates were viewed in an electron microscope to indicate
particle size. Due to the momentum of the particles many collecting
films could not withstand the particle impingement and shattered. The
sample plates that seemed to give the best results were made on a 200
mesh nickel grid. The grid was approximately 3 millimetersin diameter
with a silicon dioxide film deposited on the surface.

Several methods were used to suspend the sample plate during sampl-
ing, such as, placement on parallel copper wires, using glucose to cement
the sample plate to a wire, or using one of the hard waxes. In any case,
the useable sampling surface was not allowed to contact any materialbor
surface except the exhaust stream of the nozzle, because the sample
plate contaminated easily, and the silicon dioxide film was fragile.

Engine operation. - After the samples were obtained, the nozzle of

the colloidal-particle generator was incorporated into the electrostatic
engine as shown in Fig. 8. The power supplies were connected as shown
in Fig. 10. The power supply voltages are low when considered for
colloidal-electrostatic engine operation; however, these supplies were

readily available and served for a preliminary test of the engine. After
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the colloidal stream was stabilized the power supplies were turned on and
the corona discharge operated. Potentials were selected based on the
rubber-membrane analog. The charged particles were collected in a
cooled chamber. All currents were measured with micro-ammeters.
RESULTS AND DISCUSSION

As previously mentioned, particle sizes from 0.001 to 0.0l microns
are desired from a mission consideration, and the colloidal particle
generator was designed to provide the opportunity for this growth from
a vapor phase. Nozzle performance was based on the visual inspection
of photographs obtained from sample plates located at the nozzle exhsust.
Since the particles are in the sub-micron size range, these sample
plates were viewed in the electron microscope. To obtain reliable
photographs with a minimum of side effects (such as melting or aggrega-
tion), the beam power intensity was kept low.

Since the nozzle performance was based on results obtained from
the electron microscope, it is necessary to consider the interpretation
of the image. In such applications as the flashing of a material, or
the expansion of a material through a nozzle into high vacuum, the
vaporized material arrives on the collecting film as atoms or molepcules.
The mean free path in such applications is usually great compared to the
distance between the source and the collecting film, hence, the particles
that are "viewed" are formed by growth on the collector. In fact, one
investigator is conducting s program by using this observed growth for
particle generation (Ref. 29). In the system described in this report

however, the particles are formed by collision in the gas phase (Ref. 19).
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Since it had been shown that particle residence times can be as low as
40 microseconds for condensation to occur in a supersonic wind tunnel
(Ref. 30), the nozzle should be well within any critical time period.
It has further been shown that metallic particles can be formed in an
inert gas by atomic condensation (Ref. 31). In Ref. 31, many experi-
mental micrographs are shown to indicate the effect of pressure on the
formation of particles. For this reported deta a known amount of ma-
terial was vaporized and the presence of an inert helium etmosphere was
used to control collision rate.
COLLOIDAL GENERATOR

Three materials, that have been used in the colloidal-particle gen-

erator are presented in the following discussion.

Mercuric chloride. - Micrographs of mercuric chloride are shown in

Fig. 11. In this figure, the film has been shadowed to bring out par-
ticle detail. The supporting film is clearly shown as a finely broken
mosaic pattern (Fig. 11(a)). This pattern is characteristic of that
formed by atoms on a surface; since the collecting film is formed in a
high vacuum this is the pattern that would be expected, and accounts for
the background pattern viewed in this micrograph.

The particles which are formed are of the filament and clumped
varieties. The particles appear to form a continuous aggregate probably
due to the migration of molecules on the surface, since two degrees of
freedom are still present and the system favors the reduction of sur-
face energy. The sample plates were not cooled, except by conduction
to the pump housing; some vaporization or condensation could have taken

place as a result during exposure to the exhaust stream.
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The particle size distribution is shown in Fig. 12. The number
of particles within a given area were counted and their size noted, this
number was then averaged on the basis of a hundred typical particles.
By selecting a given size grid all particles within a given diameter
range were counted. This diameter range was then used to normalize the

particle distribution. The actual distribution factor was defined as

follows:
%9><1oo
Distribution Factor = -ILZE;——-
where

AD  the meximum particle diameter - the minimum particle diameter

ny, the number of particlesin the AD region

The distribution curves aré an indication of approximate particle size.
The particle size was varied by temperature control.

The calculated particle size (Eq. (6)) is shown in Fig. 13 for two
values of k Dbracketing the test range. This simplified correlation
appears to be capable of predicting the particle size from a given set
of operating conditions.

Aluminum chloride. - In Fig. 14, a micrograph of aluminum chloride

and a particle size distribution is shown. The sample was obtained with
only conduction cooling to the vacuum casing, and. the collecting film
was a plastic material. An average particle diameter of 0.005 microns
was obtained. It was necessary, however, to keep the sample dry due to
affinity for moisture. The particles were relatively easy to handle and
the material was not particularly poisonous. This material was used to

operate the electrostatic part of the engine.
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Mercurous chloride. - In Fig. 15, several micrographs are shown.

In these runs extra care was taken to keep the sample plate cool. Liquid
nitrogen (ZNZ) was used to cool a copper screen basket in which the sampl-
ing plates were mounted. The actual copper mounting wires were connected
directly to a IN, coil. The sample plate was shielded in all directions
from radiation and the copper plate which covered the generator exit was
also INp cooled. Samples for two similar runs are shown in Figs. 15(a)
and (b). In these photographs mercurous chloride is viewed on a layer

of mercurous chloride particles since multilayers of material were de-
posited on the silicon dioxide film. When the particle are on top of a
similar substance the outer molecules tend to fuse onto the underneath
layer rather than migrate as shown in preceeding examples. Liquid
nitrogen was used until after the sample plates were brought up to
atmospheric pressure. The slides were then viewed in the electron micro-
scope.

The particle size distribution is shown in Fig. 16. These particles
may be somewhat large for propulsion applications but this operating
condition was selected because of the ease in controlling verisgbles and
the fact that the vaporizer conditions were in the viscous flow region.
The particles were reproduced under four separate runs at a boiler tem-
perature of 488° K. At one of the check points, several additional
sample plates were weighed and installed. The increase in weight was
taken as an experimental calibration of the flow rate of the vaporizer.
A comparison of the actual flow rate and the calculated flow rate for a
range of viscous to free molecular flow is shown in Table ITII for three

vaporizer temperatures.
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Colloidal -Generator Efficiency

The colloidal-generator efficiency was defined as the fraction of
the total material that went into colloidal particle formation. Rather
than introduce a whole new set of unknowns such as would be required to
completely charge the exhaust products and then measure charge-to-mass
ratios, it was decided to try to measure colloidal production by means
of the electron microscope.

The electron microscope is capsble of a resolution to 0.0015 microns.
Most atoms and many molecules have a diameter of around 0.0004 microns.

If most of the material could be accounted for in the form of particles
then it was assumed that this was the generator efficiency. However,

as previously mentioned, atoms depositing on a surface will aggregate

to form "visible" particles. To limit this unwanted side effect, a
sample was obtained with mercurous chloride with maximum precaution to
keep the sample cold, to reduce surface diffusion and subsequent agglomer-
ation. The experimental nozzle flow rate was used, and the sample plate
exposed to the stream only long enough to permit a mono-colloidal layer
equivalent to 70 percent coverage. The sample plate was then brought up
to atmospheric pressure and allowed to come to equilibrium room tempera-
ture.

Single molecules have a very high surface energy and tend to evaporate
or rebound readily. Since all parts were cooled by liquid nitrogen it
was assumed that the vapor pressure of the material, in the viecinity of
the sample plate would be low due to cold surfaces. This in turn would
prevent particle growth after deposition due to attachment by stray mole-

cules. When the sample was allowed to come to equilibrium room
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temperature and room pressure any molecules on the sampling surface would
escape into the atmosphere and chances of colliding with the already
formed particle would be remote. The particle itself would probably

be in a stable state since it has been shown that surface effects are
diminished above & criticel size (Ref. 20).

The sample plate was then viewed in the electron microscope. In
the presence of the electron beam the particles were cbserved to migrate
forming a filament network. This filament network of perticles was
extremely hard to define due to no contrast. To evaluste the deposit
all traces of material were covered with a opaque line as shown in
Fig. 17. It was assumed that the depth of particles was the same as
the diameter of the particle. The light transmission was then integrated
over the film area. From these observations it was calculated that at
least 70 percent of the deposited material was accounted for in the
form of colloidal particles.

One alternate method of determining particle formation was at~-
tempted, but no quantitative results were obtained. During the 1N,
cooled sampling phase of the program, it was observed that mercurous
chlopide deposited readily on the cold surfaces. An attempt was made
to cool a wire screen and collect the amount of material that passed
through the screen. By operating the system with different sized
particles (controlled by vaporizer temperature) the amount of material
which could be collected before plugging of the screen occurred, would
be an indication of particle size. Large particles would stick to the
wire screen and soon plug up the opening, whereas, a large number of

very small particles would pass through before plugging would occur.
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The system was operated at a condition where free molecular flow
existed in the vaporizer. The system was operated for a considerable
length of time and a large amount of material was passed through the
screen with no visible effect of blockage. At another condition where
large particle size was expected, the screen plugged within a matter
of minutes and only & very small quantity of material passed through
the screen.

An analysis of the system, assuming each collision a sticking
collision, was shown to predict the trend of the results observed;
however, on an absolute basis the quantity of material collected did
not correspond with that predicted. The amount of material that passed
was too high. This could be explained by assuming each collision was
not a sticking collision and that the heat lost by each sticking col-
lision heated the immediate area so that no sticking could occur for a
short time. This sidelight is included to further show that particle
size can be controlled in the nozzle and that several different techniques
can be used to point this out.

Colloidal-Electrostatic Engine Performance

The colloidal-particle generator was incorporated into an electro-
static engine configuration as previously shown in Fig. 8. This engine
was used primarily to check components and was not necessarily con-
sidered as a practical design. A curve showing a typical space charge
limited flow current for this engine is shown in Fig. 18; however, the
accelerator was actually operated at less than space charge limited

flow. For all calculations it was assumed that the particles were
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singly charged. At this point, no instrumentation to permit evalustion
of the charge-to-mass distribution in the exhaust stream was used. Data
obtained with this configuration is tabulated in Teble IV.

It has been shown that a corona discharge could transfer almost
100 percent of its charge to a gaseous stream (Ref. 32). In this con-
figuration it was decided to use the electrons from the corona discharge
since the electron energy can be kept low, thus preventing fragmentation
of the particle. In Fig. 19 the collector current is shown with a
negatively charged colloid for a given corona discharge current. A
corona charging efficiency, ne of 50 to 70 percent was cobtained for
this configuration. This efficiency is defined as
io*+1y

g

where
n, corona efficiency
ia collector current

ig impingement current on ground accelerator
g

i total corona current

It has been assumed that impingement on the first accelerator plate was
probably due to stray electrons and could not be considered as transported
by the colloidal beam. Since the collector and the last accelerator
plate are at ground potential it would be possible for stray electrons

to be metered as beam current. This is probably not the case since a
strong magnetic B field was placed perpendicular to the E field and

no drop in current at the collector was noted. If free electrons had
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been present they would have been deflected away from the collector

plate because of their light mess, while the charged colloidal particles
would continue without appreciable deflection. Since only minor focus-
ing of the corona discharge was attempted at this stage, the efficiencies
obtained imply that & relatively high percentage of electron attachment
occurred.

The operation of the corona discharge was subject to a number of
problems. The wire size for & glven set of operating conditions was
critical. This 1s one of the varisbles that can be used to control
corona discharge. Depending on the power supplies avalleble the po-
tential gradient can be controlled by wire diameter. If the wire is too
small, a spark will initiate and tend to burn out the wire; whereas, if
the wire is to large no discharge can be maintained. Under actual
operating conditions it was observed that & controlled discharge could
be maintained with a negative d-c voltage on the wire; whereas, a posi-
tive discharge could be stabilized only at a condition where the system
was at a high pressure. The pressure required for stabilization of the
negative corona was such that the apparent nozzle exhaust conditions
provided the required environment.

As previously mentioned, the operation of the engine served only
to determine if the method of collecidal particle generation could be
adapted to an electrostatic engine configuration; consequently, perform-
ance and operating efficiencies were considered secondary at this
stage. Initial operation was limited due to placement of high voltage

leads. Also the metering system, in particular the microameters, would
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readily burn out if an arc propagated. Many of these problems were
easily remedied and operation up to 35 kilovolts was possible.

An attempt was made to calculate the overall operating efficiency
of this electrostatic rocket engine configuration. This efficiency was

determined as follows:

e—Pc+PA+Pi+PradnU‘

n

where
n engine efficiency
Pb beam power
P corona power required to produce electrons
Pi power lost by impingement
PA accelerator power losses
Prad radiation losses
n, propellant utilization

The beam power was determined by the measured collector current
using the potential difference between the corona wire and the collector.
The corona power was determined from the corona voltage and current
readings. Impingement currents were converted to power assuming corona
voltage. Accelerator power losses were determined from voltage and
current measurements, when applicable. The radiation power losses were

determined from the voltage and current measurements necessary to maintain

the boiler and the nozzle at a given temperature level.

The/propellént utilfzationAs a c cul:iig)Yél::/Eigza o:/fé;;iifiggxed,
flow A£f aluminum chldride through the nozzlet. The estimate of tot flgw////
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The mass flow of alumimum chloride through the nozzle was esti-
mated ﬁsing the experimental flow rate data for mercurous chloride
(Table III). Assuming singly charged particles and the same dis-
tribution curve as for uncharged particles the mass flow rate of charged
particles was then estimated from the collector current. The ratio
of these two mass flows is taken as the propellant utilization effi=-
ciency. A propellant utilization efficiency of 56 percent was cal-
culated for a collector current of 75 microamperes.

The calculated engine efficiency for this condition is 30 percent.
This calculation is subject to a number of limitations. In addition to
the assumptions mentioned above, the actual particle size distribution

- might not precisely correspond to that in the limited sample taken.
The efficiency of this engine may have been limited by electron density
which would be relatively easy to increase.

Another factor of interest in engine performance is the thrust per

unit area. The thrust per unit area (T/A) is defined as::

T/A = MgI
where
M total mass flow per unit area at nozzle exit, kg/m2/sec -m/A
g gravitational constant 9.8 m/sec/sec
I effective specific impulse, sec

Using alumimum chloride as a propellant and an accelerating potential
of 35,000 volts an effective specific impulse of 420 seconds was cal=-

culated for a propellant utilization efficiency of 56 percent. At this
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d60
condition the thrust per unit area is FEAX10™D Newtons/mz, assuming that

each particle is singly charged.

Previously, a number of advantages of the colloidal electrostatic
rocket have been mentioned. At this point one additional advantage
might be considered, radiation loss. In this particular configuration
a radiation loss corresponding to 1.23 watts was obtained, no part was
hotter than 150° C and the vaporizer itself was meintained between 100°
and 125° C. Therefore, radiastion losses can be greatly diminished using
this approach. By the proper selection of materials it would be pos-
sible to operate at still lower temperatures. Thus, an engine of this
type can bypass the complicated shilelding problems that would arise if
high temperatures were used.

CONCLUSIONS

The colloldal-particle electrostatic engine is a potentially high
thrust space engine capsble of fulfilling many mission requirements.
One of the requirements for successful operation of the engine is that
a copious quantity of suiteble particles be available. This report has
described a method of colloidal particle generation that is adaptable
to space flight.

The expansion of a material through a supersonic nozzle has been
shown to be capable of supplying colloidal particles. Condensation
and particle growth take place in the gas phase and are controlled by
the state of the material in the vaporizer. Particle sizes are con-

trolled from SO to 500 Angstroms.
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From inspection of electron microscope photographic images it was
determined that at least 70 percent of the material was converted to a
usegble colloid.

A small electrastatic engine was built incorporating the colloidal
particle generator. This engine was operated at a calculated thrust per

- AT o2 - 130
unit area of 9wé&4X10 Newtons/m at 3 specific impulse of ¥ seconds.
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TABLE I. - CRITICAL RATIOS FOR COLLOIDAL

PARTICLE NOZZLE

The-oal

Fatmd | Exhaust
Temperature/Temperatures iy | 0.8621 | 0.6121
Pressure/Pressuretotal .5421 | .1321
Density/Densityyra) 6289 | .2157
Velocity/Speed of soundy inq| 9285 |1.5570
Area/Area at speed of sound { 1.0000 |1.7384

Typlcal residence time 0.00067 seconds.

TABLE IT. - PHYSICAL PROPERTIES OF

SEVERAL MATERTALS

Material HgCl2 A.].Cl5 HegCl
Molecular 271.5 133 236
weight
Temp. %K, for a
vapor pres. of
‘ - 760 mm | 577 453.3 |656.7
76 mm | 501 421.2 573
7.6 mm | 447 393.6 |509
76 mm | 404 369.9 [461
0.076 mm | 369 349.9 [420
Density, g/cc 5.44| 2.44 | 7.55
Heat of formation | 53.4 | 166.8 31.3
kg calories
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TABLE III. - COMPARISON OF CALCULATED AND EXPERIMENTAL

FLOW RATES FOR MERCUROUS CHLORIDE

Tempera- | Wt flow gm/sec| Wt flow gm/sec | Wt flow gm/sec
ture, viscous flow | free mole flow | experimental
oK
360 7.44X10~2 9.3X10™° 1.82X105
400 5.78X10™° .71X107% 1.05x107%
488 1.65x107% 2.45%X10™0 2.86X107L

TABLE IV. - DATA OBTAINED AT TWO OPERATING CONDITIONS

[3-mil corona wire.]

Trap potential, 5 kv

Corona Collector |Impinge- |Impinge- |First ac-|Trap |Corona ef-
at ground ment cur-[ment on |celerator|cur- [ficiency,
Poten- [Current,| potential |rent en- |accelera-| current |[rent, n,
tial, i, current, gine, tor at at ~5.0 | i,
kv pLamps ics ies ground |kv poten-|pamps
Lemps Lamps potential Flal,
current, 1500
iig’ pamps
(Lamps
13 3 2 1 0] 0] 67
14 4 2.5 0 0 0] 62
15 5 2.0 0 1 0 60
16 10 5.0 + + 0 50
16.5 24 6 4 S + 46
17 40 i5 4 10 0 63
Trap potential, 10 kv

12 3 0 1 0 0] 1 0]
13.1 10 4 2 0.5 0 1 45
14 26 10 6 4 -4 7 54
14.8 40 17 10 6 -4 12 S8
15 70 28 10 15 -8 28 62
15.2 100 50 i2 25 =12 40 75
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CHARGE—TO—MASS RATIO, COULOMBS/KILOGRAM
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\
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I | |
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100
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Figure 5. - Charge-to-mass ratio limits.
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ACCELERATOR LENGTH, METERS
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Figure 6. - Effect of accelerator electric field strength on accel-
erator length of Child's Law accelerators. AVA/AV = 1.0,

net
singly charged particles.
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ACCELERATOR LENGTH, METERS

PARTICLE
MASS, amu.

104

1072
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KY3:T
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'0'5 I [ IIIIII I 1 LJIIII l 1 141|||
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ACCELERATOR FIELD STRENGTH,EA,
VOLTS/METER

Pigure 7. - Effect of accelerator electric field strength on
Child's Law accelerator length at specific impulse of 5,000
seconds.
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—LIQUID NITROGEN

80 MESH

LOCATION

COPPER WIRE—

NOZZLE

MOVEABLE
COPPER PLATE

(a) Collection technique.

Figure 9. - Sample collection at exit of colloidal-particle generator.
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400°

(a) Operating temperature,

Figure 11. - Particle size of mercuric chloride.
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DISTRIBUTION FACTOR
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Figure 12. - Particle distribution of mercuric choloride.
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DISTRIBUTION FACTOR
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(b) Particle distribution of aluminum chloride.

Figure 14. - Particle size of aluminum chloride.
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(a) Run 1.

Figure 15. - Particle size of mercurous chloride.
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Figure 15.
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(b) Run 2.

- Concluded. . Particle size of mercurous chloride;
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Figure 16. - Particle distribution of mercurous chloride.
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(b) Opaqued photograph.

- Partial deposit of mercurous chloride.

(a) Original photograph.
Figure 17.
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